We aimed to answer the following questions related to the architecture of individuals 0.5-3.0 m in height belonging to understory or canopy/emergent layer tree species: "Is there a difference between individuals belonging to different strata developing in environments with the same light intensity, in terms of their architecture?"; and "Given the same light intensity, do understory species exhibit less crown plasticity than do canopy/emergent layer species?" Thirteen architectural variables were evaluated in 80 individuals per species. We found that understory species showed greater increases in stem thickness and leaf number, as well as wider, deeper crowns, longer branches, greater self-shading and less crown plasticity. Stems and crowns were more slender in the canopy species than in the understory species. These differences might be due to the trade-off between vertical and lateral growth. Our results indicate that, regardless of the group to which they belong, species are best able to take advantage of light conditions in the understory of the forest. However, because they demand more light, canopy species showed a growth form that resulted in an architecture that is likely to enable better light capture in the understory.
Introduction
Tree architecture, which can be represented by allometric relationships, is defined as the overall shape of the tree and the spatial position of its components, expressing morphological aspects, such as plant height, stem diameter and crown characteristics Bohlman & O'Brien 2006) . Tree height reflects the competitive ability related to light capture in the vertical gradient (Aiba & Kohyama 1996; Moles et al. 2009 ). Interspecific differences in crown architecture, in terms of size, shape, position and leaf area, might also have important implications for light capture (Kohyama 1991) . However, stem diameter is associated with structural stability, mechanical strength and crown support (Sterck & Bongers 1998) . Architectural descriptors, which characterize the plastic development of a plant (Weiner 2004) , are influenced by habitat characteristics and the environmental pressures to which they are exposed (Parish et al. 2008; Vieilledent et al. 2010; Valladares et al. 2012) , especially those related to light availability and intensity.
According to Poorter et al. (2003) , light capture, which is dependent on plant architecture, is extremely important for the persistence of individual trees in the environment. Since light is a limiting resource, there might be positive selection for rapid vertical growth or maximization of leaf area in order to allow greater access to light. Within these limits, architecture varies widely among forest trees (Ackerly & Donoghue 1998; Poorter et al. 2006) , a fact that becomes evident when understory, canopy and emergent layer species are compared.
Many studies have shown that architectural patterns vary among species belonging to different ecological groups (Kohyama et al. 2003; Poorter et al. 2003; Poorter et al. 2005; King et al. 2006; Poorter et al. 2006; Osunkoya et al. 2007; Parish et al. 2008; Iida et al. 2011) . In particular, high crown plasticity has been reported among tree species of different ecological groups growing in the understory (King 1990 (King , 1994 (King , 1996 Aiba & Koyama 1997; Sterck et al. 1999; Poorter 1999; Alves & Santos 2002; Poorter et al. 2003; Barker et al. 2006; Parish et al. 2008; Martínez-Sánchez et al. 2008) . Some studies have suggested that, compared with canopy/emergent layer species, understory species have less crown plasticity (Martínez-Sánchez et al. 2008; Vicent & Harja 2008; Vieilledent et al. 2010 ). According to Vicent & Harja (2008) , greater crown plasticity indicates that canopy/emergent layer species, while growing in the understory, are more flexible in allocating resources for vertical growth, horizontal growth and crown expansion than are true understory species, giving the former an adaptive advantage. In addition, by comparing distinct species, such studies have found a variety of relationships between crown architecture and light capture (Martínez-Sánchez et al. 2008; Vicent & Harja 2008; Vieilledent et al. 2010) . Kohyama & Hotta (1990) stated that comparisons of allometric relationships between species occurring in different environments are needed in order to understand the basic mechanisms defining the shape of tree species and the implications of this form in the niche they occupy. According to Condict (2006) , the shape of species that belong to different strata varies in relation to the niche occupied, i.e., the way in which resources are used by each species. Some studies have demonstrated that the availability of light plays an important role in niche differentiation (Lusk 1996; Lusk et al. 2008; Valladares et al. 2012) .
Although several studies have examined the architecture of species belonging to different ecological groups (Kohyama et al. 2003; Poorter et al. 2003 Poorter et al. , 2005 Poorter et al. , 2006 King et al. 2006; Osunkoya et al. 2007; Parish et al. 2008) , the way in which young individuals of tree species of different strata live in the understory remains poorly understood. Canopy and emergent layer species probably reach the canopy, and even grow beyond it, in order to achieve reproductive success, possibly with less production of photoassimilates during ontogeny. In contrast, understory species probably remain below the canopy. Studies of this topic will also be able to address important questions about other ecological relationships other than those already described.
In view of the facts presented above, the present study aimed to compare individuals 0.5-3.0 m in height of six tree species from different ecological groups, in terms of their architecture. We raised the following questions: "Is there a difference between individuals belonging to different strata developing in environments with the same light intensity, in terms of their architecture?"; and "Given same light intensity, do understory species exhibit less crown plasticity than do canopy/emergent layer species?"
Material and methods

Study area
The study was conducted in Godoy Forest State Park (Torezan 2006) , an area of 680 ha of semideciduous forest in the city of Londrina (23°27'S; 51°15'W, visitor center), which is in the state of Paraná, Brazil. We defined a sampling area of 5000 m 2 . We were careful to choose an area away from the edge effect and without an overt presence of lianas and bamboos. The coverage ratio of the canopy in the studied sample area is greater than 90%. The canopy becomes more open in the winter and more closed in spring and summer, when there is increased precipitation (Bianchini et al. 2001) .
According to the Köppen system of classification (1948), the climate of the region is type Cfa (humid subtropical), with an average annual rainfall of 1200-1600 mm, distributed unevenly throughout the year (IAPAR 2000) . The main soil types are oxisols and eutroferric alfisols, in association with entisols, a soil of high fertility (EMBRAPA 1999; Vicente 2006) .
Species
The species to be studied were selected on the basis of the importance values reported in a previous forest inventory ( Soares-Silva & Barroso 1992 
Methods
Data were collected between July and December 2010. For each species, we selected 80 individuals of 0.5-3.0 m in height with no apparent damage. We avoided selecting individuals with very similar statures. To evaluate the architecture of individuals, we used 13 architectural descriptors related to light capture and mechanical support. Height was measured as the distance from the forest floor to the top of the individual (King 1990; O'Brien et al. 1995; King 1996; Aiba & Kohyama 1997; Alves & Santos 2002; Chave et al. 2005; Poorter et al. 2006; Osunkoya et al. 2007; Martínez-Sánchez et al. 2008; Vieilledent et al. 2010) . Stem diameter was measured at 10 cm from the forest floor (King 1990; O'Brien et al. 1995; King 1996; Aiba & Kohyama 1997; Alves & Santos 2002; Chave et al. 2005; Poorter et al. 2006; Osunkoya et al. 2007; Martínez-Sánchez et al. 2008; Vieilledent et al. 2010) . For the analysis of leaf number, only leaves with at least 50% expansion were considered, compared with the length of the smallest fully expanded leaf found for the species (Martínez-Sánchez et al. 2008) . Horizontal crown area was estimated on the basis of the two cross-section diameters of the crown (D1 and D2) and calculated as an ellipse: 0.25π × D1 × D2 (Bongers et al. 1988; Martínez-Sánchez et al. 2008) . The vertical crown area was also estimated as an ellipse: 0.25π × (D1+D2/2) × CD (Crown depth) Martínez-Sánchez et al. 2008) .
Branch length was calculated as the average length of the two lateral branches along the main axis, leaves per branch was defined as the average number of leaves for those same two branches, and inter-branch distance was defined as the distance between two side branches along the main axis (Martínez-Sánchez et al. 2008) . Crown depth was defined as the distance between the lower branch and the top of the individual (King 1996; Alves & Santos 2002; Poorter et al. 2006; Osunkoya et al. 2007; Martínez-Sánchez et al. 2008; Vieilledent et al. 2010) . Stem slenderness, crown slenderness, the cost of leaf support, horizontal crown selfshading and vertical crown self-shading were calculated, respectively, as the following ratios (Martínez-Sánchez et al. 2008) : height/diameter, horizontal crown area/crown depth, branch length/leaves per branch, leaf number/horizontal crown area and leaf number/vertical crown area.
Data analysis
For comparing the different architectural descriptors among species, we used ANOVA, and means were compared by Tukey's test at 5% probability. Initially, the KolmogorovSmirnov test (α = 0.05) was used in order to verify the normality of the data. When normality was not observed, data were log transformed.
The allometric relationships were generally expressed by functions derived from linear regressions of log-transformed variables (log 10 ). To express those relationships, we used the following equation:
where a and b are the parameters obtained by linear regression (Sokal & Rohlf 1981; King 1990; Kohyama & Hotta 1990) . When the growth form of individuals is compared among species, differences can occur either in a (y-intercept) or b (the slope). When the slope differs between species, the highest value of b will present a greater increase in y per increase in x. When the constant a differs but the slope does not, the species with a higher a value will present a higher value of y for any given value of x (Kohyama & Hotta 1990 ). Analysis of covariance was used in order to test the differences between variables (Snedecor & Cochram 1967) . Multiple comparisons among variables were performed by a posteriori Scheffé test, at a level of significance of p<0.05 (Huitema 1980; Zar 1984) . The degree of significance for the correlation coefficient (r 2 ) was p<0.001, corresponding to an r 2 >0.11. High values of r 2 indicate low variability in the architecture of individuals.
Results
Individuals in the population of Actinostemon concolor showed the highest quantity of leaves (Fig. 1) . The leaf numbers for the other understory species (Sorocea bonplandii and Inga marginata) did not differ from those obtained for the canopy/emergent layer species, I. marginata and Chrysophyllum gonocarpum showing the lowest quantities of leaves. As can be seen in Fig. 1 , two of the understory species (S. bonplandii and A. concolor) and one of the canopy species (Holocalyx balansae) made the greatest investments in horizontal crown area, vertical crown area, branch length, inter-branch distance and crown depth, showing a pattern similar to that of the other canopy/emergent layer species (C. gonocarpum and Aspidosperma polyneuron).
Stems and crowns were slenderest in Holocalyx balansae (Fig. 2) . Individuals of the three understory species showed a pattern of stem slenderness and crown slenderness similar to that of the canopy/emergent layer species Chrysophyllum gonocarpum and Aspidosperma polyneuron. Actinostemon concolor showed the lowest cost of leaf support, as well as the highest horizontal crown self-shading and vertical crown self-shading (Fig. 2) . However, the other two understory species (Sorocea bonplandii and Inga marginata) again did not differ from canopy/emergent layer species (Fig. 2 ).
Tab. 1 shows the results of the linear regressions between height and other architectural descriptors. Most of the regressions showed significant positive correlations for individuals of all of the species evaluated (r 2 , p<0.001). Except for Inga marginata, the understory species (Actinostemon concolor and Sorocea bonplandii) showed higher values of the slope for height correlations with diameter, leaf number, horizontal crown area, vertical crown area, branch length and crown depth than did the canopy species Chrysophyllum gonocarpum and Holocalyx balansae. Therefore, for a given increase in height, the corresponding increase in stem thickness, leaf number, crown width, crown depth and branch length was greater in A. concolor and S. bonplandii than in C. gonocarpum and H. balansae. In the canopy species C. gonocarpum, taller individuals had slenderer stems, whereas this relationship did not differ between Aspidosperma polyneuron and A. concolor (Tab. 1).
Actinostemon concolor showed the greatest investment in horizontal crown self-shading per height increase (Tab. 1), whereas that relationship did not differ significantly between the other two understory species (Sorocea bonplandii and Inga marginata) and was comparable between I. marginata and Aspidosperma polyneuron. For the correlations between height and the cost of leaf support, between height and horizontal crown self-shading and between height and crown slenderness, the r 2 was not significant (p<0.001) in any of the species evaluated.
Individuals of the understory species Sorocea bonplandii and Actinostemon concolor had the greatest increases in leaf number and horizontal crown area per increase in diameter, unlike what was observed for Inga marginata and for the three canopy/emergent layer species (Tab. 2). Only A. concolor showed greater increase in vertical crown area, crown depth and horizontal crown self-shading per increase in diameter, whereas the two other understory species (S. bonplandii and I. marginata) showed a pattern similar to those of canopy/emergent layer species, in terms of those descriptors (Tab. 2). Individuals of Aspidosperma polyneuron showed the smallest increase in branch length per increase in diameter (lowest value of b). That relationship did not differ significantly among the remaining species (Tab. 2). For the correlations between diameter and inter-branch distance, between diameter and crown slenderness, between diameter and the cost of leaf support and between diameter and vertical crown self-shading, the r 2 was not significant (p<0.001) in any of the species evaluated. Individuals of the understory species Sorocea bonplandii and Actinostemon concolor showed a greater increase in horizontal crown area per increase in vertical crown area than did any of the other four species studied (Tab. 3). In addition, A. concolor showed the greatest investment in leaf number per increase in horizontal crown area.
Actinostemon concolor showed the greatest investments in leaf number and horizontal crown area per increase in vertical crown area, whereas this relationship did not differ between the other understory species (Sorocea bonplandii and Inga marginata) and the canopy/emergent layer species. However, the increase in branch length per increase in vertical crown area was significantly greater in all three of the canopy/emergent layer species and in the understory species I. marginata than in the other two understory species (Tab. 3). None of the species showed r 2 significant (p <0.001) For the correlations between horizontal crown area and inter-branch distance, between horizontal crown area and stem slenderness, between vertical crown area and stem slenderness and between vertical crown area and the intensity in a semideciduous forest in southern Brazil Acta bot. bras. 28(1): 34-45. 2014. cost of leaf support, the r 2 was not significant (p<0.001) in any of the species evaluated.
Evaluating the correlation between inter-branch distance and crown depth (Tab. 4), we found that Sorocea bonplandii showed the greatest increase in crown depth per increase in inter-branch distance. For that relationship, Inga marginata did not differ from canopy/emergent layer species Holocalyx balansae and Aspidosperma polyneuron. For any given inter-branch distance, Actinostemon concolor showed a greater investment in crown slenderness than did the other two understory species (S. bonplandii and I. marginata). A. concolor showed the greatest investment in leaf number and crown self-shading per increase in crown depth. The other understory species (S. bonplandii and I. marginata) showed the same pattern as the canopy/emergent layer species (Tab. 4). None of the species showed r 2 significant (p <0.001) For the correlations between inter-branch distance and stem slenderness, between inter-branch distance and horizontal crown self-shading, between crown depth and stem slenderness and between crown depth and the cost of leaf support, the r 2 was not significant (p<0.001) in any of the species evaluated.
Individuals of the species Actinostemon concolor showed the greatest increases in crown depth and leaf number per increase in branch length, whereas Sorocea bonplandii and Inga marginata exhibited a pattern similar to that observed for the canopy/emergent layer species (Tab. 4). For any given branch length, the increase in vertical crown self-shading was greatest in A. concolor, whereas it was lowest in Chryso- phyllum gonocarpum. For this parameter, I. marginata did not differ significantly from Holocalyx balansae. For any given increase in the cost of leaf support, Actinostemon concolor showed the lowest investment in horizontal crown self-shading. Chrysophyllum gonocarpum showed the greatest increase in vertical crown self-shading per increase in the cost of leaf support. None of the other species showed any differences in either of those parameters. The investment in vertical crown self-shading per increase in horizontal crown self-shading was greatest in Inga marginata, whereas there were no differences among the remaining species (Tab. 4). For the correlations between stem slenderness and crown slenderness, between stem slenderness and leaf number, between stem slenderness and horizontal crown self-shading, between stem slenderness and vertical crown self-shading, between crown slenderness and leaf number, between crown slenderness and the cost of leaf support, between crown slenderness and horizontal crown self-shading and between crown slenderness and vertical crown self-shading, the r 2 was not significant (p<0.001) in any of the species evaluated.
In general, the understory species showed less variability in the architectural descriptors analyzed than did the canopy/emergent layer species. This can be inferred by the fact that the correlation coefficients (r 2 , p<0.05) were higher for the former than for the latter (Fig. 3) .
Individuals of the species Sorocea bonplandii and Actinostemon concolor showed the most uniform architectural patterns (r 2 of 29.8% and 33.4%, respectively). In contrast, the r 2 values for Aspidosperma polyneuron, Chrysophyllum gonocarpum and Holocalyx balansae were lower than 19.9%, which suggests that individuals of these species showed the greatest variability in their architecture (Fig. 3) .
Discussion
We observed differences between the two different forest strata evaluated, in terms of the architecture of individual trees. Except for Inga marginata, the understory species (Actinostemon concolor and Sorocea bonplandii) exhibited greater increases in stem thickness and leaf number, as well as wider crowns, deeper crowns and longer branches, thereby achieving greater self-shading, than did the canopy species Chrysophyllum gonocarpum and Holocalyx balansae. Other studies have also demonstrated that understory species show a greater investment in stem thickness than do canopy species of similar height (King 1996; Bongers & Sterck 1998; Kohyama et al. 2003; Poorter et al. 2003 Poorter et al. , 2006 King et al. 2006) . These observations are consistent with suggestions that the relationship between height and diameter can vary greatly among species (King et al. 2006; Poorter et al. 2006; Osunkoya et al. 2007) . Thicker stems can be extremely important for supporting heavier crowns and to withstand the impact of branches falling from taller trees (Martínez-Sánchez et al. 2008) , and understory species spend more of their life cycle subjected to this adversity.
In a forest in Panama, King (1990) found that understory species individuals typically had larger crowns than did the young individuals of canopy species of similar height. The authors interpreted these results as indicating that understory species have adapted in order to intercept more of the limited quantity of light that typically reaches the understory. As observed in the present study for the understory species Actinostemon concolor and Sorocea bonplandii, species of the understory tend to invest more resources in leaf area or leaf number, thereby maximizing light capture (Osunkoya et al. 2007; Valladares & Niinemets 2010) . According to Abe & Yamada (2008) and Vieilledent et al. (2010) , species adapted to low light levels show, as a result of their evolution, wider, yet shallower, crowns (unlike what we observed for S. bonplandii and A. concolor), thereby reducing the level of self-shading. However, the correlation between crown depth and light capture might be weaker than previously thought. Light capture is affected not only by the number of leaf layers but also by the efficiency of the distribution and geometry of the foliage . Changes in the shape, size and orientation of leaves can compensate for the negative effect of self-shading caused by the greater crown depth. Shade-tolerant species such as A. concolor and S. bonplandii have, in general, a light compensation point lower than that of the more light-demanding species (Ackerly 1996; Poorter et al. 2003 Poorter et al. , 2006 . Although the shaded leaves contribute to the net carbon gain from the tree, these leaves are extremely important because the have a positive influence on growth and survival . A deep, highly branched crown can effectively increase light capture for individuals in the understory, especially in places where there is more lateral light than vertical light (McMahon 1973; Parish et al. 2008) .
In the present study, individuals of the canopy species Chrysophyllum gonocarpum and Holocalyx balansae, showed slenderer stems and crowns than did those of the understory species. Shukla & Ramakrishnan (1986) , King (1990; , Poorter & Werger (1999) , Sterck (1999) , Sposito & Santos (2001) , , , Alves & Santos (2002) and Poorter et al. (2003 Poorter et al. ( , 2005 Poorter et al. ( , 2006 correlated crown size with the height of individuals. All of those authors found that, in the initial stages of development, canopy species show slenderer crowns than do understory species. This architectural pattern allows canopy species to achieve greater heights, rising above the dark understory, at a relatively low cost, considering their lower energy investment for the expansion of the crown, resulting in individuals crowns that are not as lush as are those of understory species (Kohyama 1987; King 1990 King , 1996 Chave et al. 2005; Parish et al. 2008) .
For many of the descriptors evaluated, we observed that, unlike the other understory species, Inga marginata often showed a pattern similar to that of the canopy species. In addition, the canopy species Aspidosperma polyneuron showed a pattern similar to that of the understory species. The requirements in the various ontogenetic stages can change over time. This architectural pattern observed for I. marginata might enable it to occupy different niches, allowing it to coexist within the community studied.
Similar to what we observed for the understory species, we found that the canopy species Aspidosperma polyneuron showed a greater investment in diameter and a greater increase in height than did the other canopy/emergent layer species. According to Bohlman & O'Brien (2006) and Osunkoya et al. (2007) , understory and canopy species do not differ, in terms of their height-diameter relationships, in the immature ontogenetic stage. Individuals of A. polyneuron are slow-growing and can remain in the understory for a long time. It is possible that more robust stems are needed in order to increase physical stability necessary, allowing such individuals to persist in the understory before being recruited to the higher strata when the conditions become appropriate (Kohyama et al. 2003; King et al. 2006; Osunkoya et al. 2007; Martínez-Sánchez et al. 2008) .
We observed high variability among individuals of the same species, as evidenced by the low correlation coefficient values obtained for many of the allometric relationships. This suggests high heterogeneity of the environment in the horizontal space, as well as in the vertical space. However, in general, understory species showed less architectural variability than did the canopy/emergent layer species. Therefore, individuals of understory species have less crown plasticity than do those of canopy/emergent layer species, as has been previously reported (Valladares et al. 2002; Portsmuth & Niinemets 2007; Martínez-Sánchez et al. 2008; Vicent & Harja 2008; Vieilledent et al. 2010) . Higher crown plasticity indicates that the canopy/emergent layer species, when developing in the understory of the forest, can be more flexible in allocating resources for growth in height, diameter and crown expansion than can understory species, giving the former important adaptive advantages (Vicent & Harja, 2008) . As observed in this and other studies, canopy/emergent layer species make a greater investment in vertical growth, which favors their access to the canopy in order to achieve their reproductive size (Poorter et al. 2006) . According to King (1990) competition for light is the primary factor responsible for the evolution and maintenance of the shape of individual trees and even a small advantage in light capture can significantly increase carbon absorption (Bohlman & O'Brien 2006; Valladares & Niinemets 2008) . Therefore, greater crown plasticity is an important feature for competition and survival under a closed canopy (Alves & Santos, 2002) .
In the present study, by comparing the architecture of individuals (height between 0.5 to 3 m) of tree species in a semideciduous forest, we observed significant differences between species of different ecological groups, in terms of the growth forms of individuals. These differences might be due to a trade-off between vertical and lateral growth. Our results indicate that, in a forest environment, where light is the most limiting resource, although understory species show less crown plasticity, all six species evaluated (understory and canopy/emergent layer species alike) are better able to exploit the light conditions in the understory of the forest. However, because they are more light-demanding, canopy species showed a growth form that probably allows greater light capture in the understory. The architectural variations observed in the growth stage studied here, in individuals of populations of plants belonging to different forest strata, are probably crucial to the survival of these individuals, contributing greatly to the reproductive success of the species. Our results also indicate that, as observed empirically in the field, the understory of a semideciduous forest is heterogeneous. It is likely that, within this ecosystem, even in the understory, the availability of light and water is sufficient for the growth and development of many species of different strata, which occupy slightly different niches. This adaptation to different niches can be evidenced indirectly by architectural variations, which result in high biodiversity in the understory.
Overall, we found that species of the same stratum did not show a pattern. Our results indicate that there is a need to expand the measures of other species in each stratum, as a way of trying to identify a more consistent pattern.
